A stable homogeneous ribonucleoprotein fragment of the 30 S ribosomal subunit of E_. coli has been prepared by mild nuclease digestion and heating in a constant ionic environment. The fragment contains about half of the 16 S ribosomal RNA and six proteins: S4, S7, S9, S13, S16 and S19. The RNA moiety contains the reported binding sites of all six proteins. After deproteinization, 80% of the RNA migrated as two major electrophoretic bands, which were isolated and sequenced. Each band contained sequences from the 5' and 3' thirds of the 16 S RNA but none from the central third. That these two noncontiguous RNA domains migrated together electrophoretically in Mg ++ -containing gels after deproteinization constitutes direct evidence that the 16 S RNA is folded in the intact ribosome so as to bring the two domains close together and that there are RNA-RNA interactions between them in the presence of Mg ++ .
INTRODUCTION
The study of ribonucleoprotein fragments obtained from whole ribosomes after partial cleavage of the ribosomal RNA has long been considered an approach capable of providing reliable information on the structure of the ribosome. The preparation of such fragments -large enough to encompass a sizeable portion of the ribosome and stable enough to withstand prolonged handling during purification and examination -has proved to be an exceedingly complicated experimental venture. Recently, however, we have succeeded in working out a procedure that has enabled us to isolate and study large ribonucleoprotein fragments from both subunits of E_. coli ribosomes (1) (2) (3) .
In the present communication we report the preparation of a purified 14 S nucleoprotein fragment of the 30 S ribosomal subunit of £. coli and the characterization of its RNA and protein components. The preparation showed only a single component in the analytical ultracentrifuge and in electrophoresis gels. Its RNA moiety comprised about half of the total 16 S RNA. After deproteinization, about 80% of the RNA migrated as two electrophoretic bands in the presence of magnesium ions. Each band was sequenced and was 
MATERIALS AND METHODS

Buffer
Buffer MTK 1-10-20 is 1 mM magnesium acetate, 10 mM Tris acetate CpH 7.8), 20 mM potassium acetate. This buffer was used exclusively for the entire procedure of preparing the ribosomal fragment in order to avoid changes in the ionic environment that might cause conformational changes in the ribosome and the nucleoprotein fragments derived from it (1-3).
Insoluble ribonuclease
Insoluble ribonuclease was prepared by covalently binding bovine pancreatic ribonuclease A (Sigma, 5 x crystallized) to cyanogen bromideactivated Sephadex G-25, fine (Pharmacia) as described previously (1, 3) .
One pg-equivalent of the insoluble enzyme is that amount that has the sane activity as one pg of soluble ribonuclease A.
Preparation of ribosomes 70 S ribosomes were prepared from stationary gTowth phase cultures of Escherichia coli MRE 600 by a series of alternate low and high speed centrifugations which included two high-salt washes in 20 mM magnesium acetate, 20 nM Tris acetate (pH 7.8), 0.5 M NH.C1, 7 mM B-mercaptoethanol. The procedure was essentially that described previously (1) . The washed 70 S ribosomes were dissociated into subunits by dialysis against MTK 1-10-20.
30 S and 50 S subunits were separated by zonal centrifugation in a Beckman B-15 zonal rotor, employing a convex 9 -20% sucrose gradient in MTK 1-10-20. 600-800 mg of washed ribosomes in 60 ml of the same buffer were centrifuged at 30,000 rev/min for 12 hr at 5°C. Fractions were collected, made 10 mM in magnesium acetate and then 10% (w/v) in polyethylene glycol 6000 (General Biochemicals) (6) . After 30 min in an ice bath the precipitated subunits were spun down at low speed, dissolved in and dialyzed against MTK 1-10-20, repelleted at high speed, and redissolved in MTK 1-10-20.
The precautions against contaminating nucleases described elsewhere 
Analytical gel electrophoresis
Ribosomes, ribosome fragments and purified RNA were analyzed by onedimensional electrophoresis in slab gels containing either 5* acrylamide or 3% acrylamide plus 0.5% agarose (1) . Ribosomal proteins were identified by two-dimensional polyacrylamide gel electrophoresis (7) . Thirty vg of protein were applied to the gel, and staining was with Coomassie Blue (8) . Since this analytical system does not separate the proteins S9 and Sll, the protein designated S9 in this communication is, more exactly, S9/11. We assume that the protein is S9 on the basis of its well documented close association with S7 (9, 10). 
RNA sequencing
The RNA sequencing procedure employed was adapted from published methods (11) (12) (13) (14) (15) (16) . While not identical with any of them, it was not sufficiently different to warrant publishing full details, and only an outline is given here.
A single homogeneous band of undenatured RNA obtained by gel electrophoresis of the deproteinized ribosome fragment (see preceding section) was labelled at the S' termini with (y -P) ATP (Amersham) and polynucleotide kinase (P-L Biochemicals). The RNA was then denatured by heating it for 2 min at 55 in the presence of 1 mM EDTA and 7 M urea, and subjected to electrophoresis in a 12% acrylamide gel under denaturing conditions (12) . In each case, radioautogTaphy disclosed a large number of radioactive bands.
These were cut out of the gel individually and their RNA was extracted with sodium dodecyl sulfate at 37° (11, 12) and stored under ethanol at -70 until sequenced. Radioactivity of the gel band was monitored in a scintillation counter (Cerenkov radiation) before and after extraction, and if the extraction was not sufficiently effective, it was repeated. When two or more RNA bands were not completely separated, they were extracted together and separated by a second, more protracted, electrophoresis. Since the separation gels were thin (0.5 mm), it was not necessary to mash the gel bands for extraction of the RNA.
For sequencing, partial digests of each end-labelled oligonucleotide were made with NaHC0,/Na CO (pH 9) and with four endonucleases: RNases T , \3 and Phy M (P-L Biochemicals, sequence grade) and RNase A (Sigma, 5 x crystallized). An undigested control was also included. The conditions were those of Donis-Keller et^ al_. (12) except that digestion was for 10 min at 55°, pH 3.5 was employed for RNase U 2 , and the partial alkaline digest was heated at 100° for 10 to 40 min, depending on the length of the oligonucleotide. The required nuclease concentrations were found empirically.
Sequencing electrophoresis was carried out mainly in 12% acrylamide gels 40 x 17 x 0.05 cm at 900 volts under the conditions of Haxam and Gilbert (11) , and the gels were radioautogxaphed at -70 , using an intensifying screen (17) .
A single sequencing gel usually sufficed to identify the sequence and establish its 5' terminus and approximate length. Length was estimated from the migration of bromophenol blue and xylene cyanol, which were run together with the digests and migrated like oligonucleotides of chain length 13 and 45, respectively, under these conditions. A linear relationship between mobility and the logarithm of chain length was assumed (18) and verified by a detailed analysis of the migration data of an oligonucleotide 51 nucleotides long and its partial degradation products in two different sequencing gels. The nucleotide sequences found were located within the known sequence of the 16 S ribosomal RNA (14, 19, 20, 25) with the aid of a computer program (21) .
RESULTS
Preparation of a ribonucleoprotein fragment of the 30 S ribosome
As described in Materials and Methods, 30 S ribosomal subunits were digested with insoluble ribonuclease and heated, and the resulting fragments were separated by sucrose gradient zonal centrifugation (Fig. 1) . The pooled fractions seen in Fig. 1 were analyzed by gel electrophoresis (Fig. 2) , which showed fraction C to migrate as a single homogeneous component. Sedimentation analysis in the analytical ultracentrifuge also showed a single homogeneous substance, with a sedimentation coefficient (S ) of 13.9 ± 1.4%.
This nucleoprotein fragment, whose isolation was described in detail in an earlier publication (2), was taken for detailed analysis. A-F = The sucrose gradient fractions of Fig. 1 .
The protein moiety of the fragment
The proteins of fragment C were extracted and identified by two-dimensional gel electrophoresis (Fig. 3) . Three major proteins were present: S4, S7 and S9. Three additional proteins were present as minor components: S13, S16 and S19.
Electrophoretic behavior of the RNA moiety
The gel electrophoretic patterns of the whole nucleoprotein fragment C and of its purified RNA moiety are compared in Fig. 4 . As previously noted (Fig. 2) , the nucleoprotein complex migrated as a single band. Its RNA moiety was prepared by deproteinization with phenol and sodium dodecyl sulfate, a non-denaturing method that does not remove magnesium from the RNA;
and electrophoresis was carried out in the presence of magnesium ions. Under these conditions about 80% of the RNA migrated as two major bands, marked I and II in Fig. 4 .
Nucleotide sequencing of the RNA moiety RNA bands I and II were separated by electrophoresis in a 5% acrylamide preparative slab gel and extracted, and the oligonucleotides present in them 20- Fig. 3 . Identification of the proteins of fragment C by two-dimensional gel electrophoresis. Electrophoresis was in acidic urea-containing gels of 7.5* (ID) and 20% (2D) acrylamide. Two samples were run simultaneously (7). The upper sample was a control containing all of the 30 S subunit proteins. The lower sample contained the proteins extracted from fragment C; these were identified by reference to the control and are labelled by number. 32 were labelled at the 5' end with P. The RNA was then denatured with EDTA, urea and heat and was subjected to electrophoresis in a 12% polyacrylamide gel under denaturing conditions (see Materials and Methods). Each RNA preparation, which had migrated as a single electrophoretic band before denaturation, now separated into a number of bands, showing the presence of numerous hidden breaks and sequence discontinuities. These bands were extracted and sequenced.
The sequences found are shown in Table 1 . It is seen that RNA bands I and II have similar sequences and come from the same regions of the 16 S ribosomal RNA. Each contains the 5 1 third of the 16 S RNA and a stretch from the 3' third, and lacks the central third between them and also the 3' end.
In all, the sequence data of Table 1 are the summations of the sequences of 56 oligonucleotides of RNA I and 28 for RNA II. These 84 oligonucleotides range in length from 13 to 131 nucleotides. Their sequences overlap extensively, so that their combined length of over 5000 nucleotides covers a total of only 885 nucleotides, or 57t of the 16 S ribosomal RNA.
The absence of the central RNA section has important structural implications: it shows that the 5' and 3' sections are not connected covalently and therefore must be attached to each other non-covalently in order to migrate together during electrophoresis (see Discussion). This conclusion is reinforced by the fact that the saae observation was made both in RNA band I and in band II. The conclusion would be invalidated only if it were shown that the missing sections (nucleotides 581 -1109 in band I and 565 -962 in band II) were actually present in their entirety in both RNA bands but had escaped detection. This seems inherently unlikely, but might conceivably come about if the structure of the central RNA section were such as to prevent either the formation of 5 1 termini by RNase A or their labelling by polynucleotide kinase under the conditions employed by us. However, we have detected and sequenced the entire central section in another ribosomal fragment, using the same technique as in the present work (work in progress). Thus, the central RNA RNA band band Table   I: II:
1. terminus, in what appears as either a platform or a collar in different electron microscope models (see refs. 4, 5, 9 for reviews).
-
According to this integrated model, the fragment described in the present communication has been cut out of the adjacent "head" and "body" regions of the JO S ribosome. Its RNA moiety comes from the 5' and 3' major domains;
it has no sequences from the central domain, which lies between these two domains in the total 16 S RNA sequence, and the 3' terminus is also absent.
As for the six proteins of the fragment, presently available evidence indicates that their binding sites are all located in the RNA sequences found in the fragment. The binding sites of proteins S4 and S16 are localized in the 5' domain, and those of S7, S9, S13 and S19, in the 3' major domain (4, S).
Much of the available data on the location of protein binding sites has come from the identification of RNA sequences protected from nucleolytic degradation by the binding of a single protein to the 16 S RNA (5). In addition, ultraviolet irradiation has been shown to crosslink protein S7 covalently to the 3' major domain of the 16 S RNA (26, 27) . When, however, formaldehyde was used as a crosslinking agent, a less clear-cut result was obtained. It was found that the proteins S4, S7, S9 and S13 were all crosslinked to both the 5' and the 3' parts of the 16 S RNA (28) . This result can now be interpreted in terms of our findings, which show that these proteins are situated in a part of the ribosome where the 5' domain and the 3' major domain come close together, so that the proteins may therefore be close to both RNA domains. The proposal that these two domains are close to each other in the ribosome is further supported by the recently reported RNA-RNA interaction between them (23, 29) and is not incompatible with a model based on psoralen KNA-RNA crosslinking (30) .
Several groups have studied ribonucleoprotein fragments derived from intact (as distinct from partially reconstituted) 30 S ribosomes and have identified their proteins and in some cases also their RNA components (16, (31) (32) (33) (34) (35) (36) .
The fragment described in the present communication is the only one that contains proteins from both the 5' and 3' thirds of the RNA chain but none from the central third, and the same is true of its RNA sequences. That the noncovalent interactions between these two noncontiguous regions of the ribosome were not disrupted is probably due to the relatively mild conditions used to dissociate pieces of the ribosome from each other after cleaving the RNA. In particular: (a) Dissociation was accomplished by heating to 57°, which is below the melting temperature of the 30 S ribosome in the buffer used (3, 37) . 
